ABSTRACT Protein crystallography provides the structure of a protein, averaged over all elementary cells during data collection time. Thus, it has only a limited access to diffusive processes. This article demonstrates how molecular dynamics simulations can elucidate structure-function relationships in bacteriorhodopsin (bR) involving water molecules. The spatial distribution of water molecules and their corresponding hydrogen-bonded networks inside bR in its ground state (G) and late M intermediate conformations were investigated by molecular dynamics simulations. The simulations reveal a much higher average number of internal water molecules per monomer (28 in the G and 36 in the M) than observed in crystal structures (18 and 22, respectively). We found nine water molecules trapped and 19 diffusive inside the G-monomer, and 13 trapped and 23 diffusive inside the M-monomer. The exchange of a set of diffusive internal water molecules follows an exponential decay with a 1/e time in the order of 340 ps for the G state and 460 ps for the M state. The average residence time of a diffusive water molecule inside the protein is ;95 ps for the G state and 110 ps for the M state. We have used the Grotthuss model to describe the possible proton transport through the hydrogen-bonded networks inside the protein, which is built up in the picosecond-tonanosecond time domains. Comparing the water distribution and hydrogen-bonded networks of the two different states, we suggest possible pathways for proton hopping and water movement inside bR.
INTRODUCTION
The protein bacteriorhodopsin (bR) resides in the membrane of the archaebacterium Halobacterium salinarum and uses photonic energy for the transmembrane proton pumping. The protein incorporates a retinal chromophore bound to a lysine residue via a protonated Schiff base linkage and absorbs light at ;568 nm. Photoexcitation triggers an isomerization of retinylidene. The photoreaction induces a vectorial transfer of a proton across the membrane, leading to the release of a proton at the extracellular side and an uptake from the cytoplasmic side. Our current knowledge of the structure and the photocycle of bR has been reviewed in detail by several authors (Haupts et al., 1999; Heberle, 2000; Lanyi, 2001 Lanyi, , 2004 . Although current opinion assumes an outward proton pumping mechanism, there has always been a discussion that bR might be not an H 1 pump but an OH ÿ . This possibility seems never to have been pursued very seriously (Stoeckenius, 1999 ) before the first structural evidence appeared (Luecke, 2000) . Luecke (2000) proposed an inward-driven hydroxide pump model based on crystallographic evidence for rearrangement of water molecules during the photocycle. Such a model is consistent with the scenario, proposed by analogy with halide transport in halorhodopsin (Betancourt and Glaeser, 2000) . Recently one more scenario has been proposed by Kouyama et al. (2004) , based on the structure of the L intermediate. According to this model, the function of bacteriorhodopsin is the outward pumping of a proton and the inward pumping of a water molecule.
Since certain dynamical features of bR, important for the understanding of the proton pump, cannot be captured by crystallographic techniques, molecular dynamics simulations have been used to elucidate, among others, conformational fluctuations (Edholm et al., 1995; Xu et al., 1995; Logunov et al., 1995) and bR-water mobility (Roux et al., 1996; Baudry et al., 2001; Hayashi et al., 2002; Kandt et al., 2004) . Electrostatic calculations were performed to calculate the protonational states of bR (Bashford and Gerwert, 1992; Onufriev et al., 2003; Song et al., 2003) .
Although the molecular structure of bR in its ground state is now well determined, the extent of conformational changes in the late M intermediate is still controversial (Luecke et al., 1999; Sass et al., 2000; Subramaniam and Henderson, 2000) . In addition, the number of buried (i.e., internal) water molecules in bR (Papadopoulos et al., 1990; Weik et al., 1998; Dencher et al., 2000; Kandori, 2000; Luecke, 2000; Zaccai, 2000; Gottschalk et al., 2001; Kandt et al., 2004) , which are assumed to play a critical role in providing proton pathways and to be involved in the molecular mechanism leading to proton translocation, is still unclear.
The mean residence times of water molecules on the surface and in the interior of biomolecules and biomolecular complexes (such as ribonuclease A, lysozyme, myoglobin, trypsin, serum albumin) have been measured by oxygen-17 spin relaxation dispersion Halle, 1995a,b, 1996; Denisov et al., 1999) . The timescale at which water penetrates or exchanges with other bulk solvent molecules (at T ¼ 300 K, P ¼ 1 atm) has been observed to be in the range of 10-50 ps for water residing in surface cavities (Levitt and Park, 1993) , 0.1-1 ns for strongly bound water (Otting and Liepinsh, 1995; Otting et al., 1991) , and nanoseconds to milliseconds for interior water (e.g., structural water molecules in proteins; see Denisov and Halle, 1995a,b) .
Using NMR, Ernst et al. (1995) found that hydrophobic cavities in human interleukin-1b contain 2-4 water molecules that reside within the protein for times longer than 1 ns. These water molecules were not observed in high resolution crystal structures, since water molecules with meansquare displacement fluctuations .1 Å make negligible contributions to high resolution x-ray diffraction spectra (Yu et al., 1999) . However, careful analysis of the low resolution diffraction data by Yu et al. (1999) shows that disordered water molecules observed by Ernst et al. (1995) are indeed present and it has been suggested that hydrophobic cavities commonly observed in protein structures may be filled in most cases with disordered water.
Recently two molecular dynamics studies have been performed to examine the distribution of water molecules inside membrane proteins. Kandt and co-workers (Kandt et al., 2004 and references therein) investigated the distribution of water molecules inside trimeric bacteriorhodopsin in its ground state. Water densities were shown and frequencies of H-bond contacts per residue were calculated. Olkhova et al. (2004) investigated the dynamics of water networks in cytochrome c oxidase. A much higher average number of internal water molecules than observed in crystal structures was found and the corresponding hydrogen-bonded network was investigated.
In this study we report on a molecular dynamics simulation on bR trimer, which predicts new details of the amount and the distribution of internal water molecules in bR and which describes the related hydrogen-bonded networks that constitute possible proton pathways. We have performed studies on the ground (G) and the late M states. The M intermediate has been chosen since it is a key state for understanding the mechanism of proton transfer. Comparing water distribution and hydrogen-bonded networks in two different states of bR, we suggest possible pathways for proton hopping and water movement inside bR. The main differences of the present investigations compared to the previous studies are: 1), two states of bR have been simulated; 2), precise definitions of the protein surface and the internal water molecules are introduced; and 3), probabilities of forming Grotthuss-pathways rather than single hydrogen bonds have been calculated.
We argue that crystal structures are often discussed without looking to different timescales. We show below that structures on a picosecond timescale differ considerably from time-averaged x-ray structures.
MODELS AND METHODS

Molecular model
Unfortunately there are no appropriate molecular descriptions available for archaeal lipids of purple membranes. Therefore we constructed a lipid bilayer using well-studied POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine) lipids, for which topologies and parameters have been extensively tested (Feller and MacKerell, 2000) . We consider this approach reasonable given the fact that bR is fully active when reconstituted into phospholipid bilayers.
POPC membrane has a low gel-to-fluid transition temperature of T m ¼ ÿ5°C. AMBER '91 parameters (Weiner et al., 1986) , OPLS parameters (Jorgensen and Tirando-Rives, 1988) , and our own parameters (Lin and Baumgaertner, 2000) for unsaturated hydrocarbons chains are used to model the POPC lipid. Carbon atoms with bound hydrogens are modeled as unitedatoms, which reduces the total number of atoms of one lipid molecule from 134 for an all-atom model to 52 for the united-atom model. The partial charges of the headgroup are adapted from previous studies using AMBER (Essmann et al., 1995) . For more details see Lin and Baumgaertner (2000) . An initial equilibrated configuration for the lipid membrane in a water box consisting of 391 POPC lipids in the liquid-crystalline phase and 18,781 water molecules was generously provided by K. Gerwert (Kandt et al., 2004) .
In both G and M states of bR, electrostatic potentials for retinylideneLys 216 complex were calculated by the Gaussian98 (Frisch et al., 1998 ) program using Hartree-Fock theory with the 6-31G* basis set. Then the RESP technique (Cieplak et al., 1995) was used to calculate the partial charges. The torsional potentials for the dihedral angles of the main polyene chain of the protonated retinylidene from C 5 ¼ C 6 -C 7 ¼ C 8 to C 14 -C 15 ¼ N 16 -C e were taken from Tajkhorshid et al. (2000) . Torsional potentials for the unprotonated retinylidene were set to the same values except for the dihedral angle C 12 ¼ C 13 -C 14 ¼ C 15 , for which the potential was taken from Hayashi et al. (2002) .
Root mean-square (RMS) deviations between high resolution x-ray structures of bR ground state (1C3W, 1CWQ, 1QHJ), measured for the backbone atoms of residues 6-154 and 168-223, are 0.52 Å (1C3W, 1CWQ), 0.55 Å (1CWQ, 1QHJ), and 0.70 Å (1C3W, 1QHJ), respectively. Internal water molecules presented in these structures coincide quite well, except water 502 in the 1C3W, which corresponds to water 720 in the 1CWQ and has no correspondence in the 1QHJ structure, and water molecule 409 in the 1QHJ, which has no correspondence in other structures. For the late M intermediate there are two x-ray structures available. One of them is wild-type structure 1CWQ by Sass et al. (2000) and the other is D96N mutant structure 1C8S by Luecke et al. (1999) . The RMS deviation between these structures is 1.22 Å . 1CWQ has four more water molecules (721, 722, 723, and 740) in the cytoplasmic part of the protein and three additional molecules (712, 714, 716) in the extracellular part in the region of Arg 82 and Glu 204 residues. The 1CWQ structure was chosen for the latter simulations since it is the only structure available so far for the wild-type of the late M state. We have chosen the 1CWQ M-state structure; we also took the ground (G) state structure from the 1CWQ. The crystals used for G and M states were grown and treated under the same conditions. In addition, as has been shown above, internal water molecules in the 1CWQ G-state structure coincide well with water molecules in the 1C3W structure, which has a higher resolution.
The initial structures of the bacteriorhodopsin trimer in its G and M states were constructed using crystallographic data Protein Data Bank, PDB code 1CWQ) . Unfortunately residues 1 and 240-248 remain unresolved in both G and M structures. They have been constructed using the XLEAP program (Pearlman et al., 1995 , which were protonated in the M state.
The protein was then inserted into the membrane. The protein solvent accessible surface was constructed using the MSMS program (Sanner et al., 1996) and all water molecules overlapping with the protein surface were removed. The final system consisted of 744 amino acids, 391 lipids, and 18702 TIP3P (Jorgensen et al., 1983) water molecules.
MD simulation of 1.5 ns was performed to equilibrate the lipid-protein and water-protein interfaces. During this simulation, any motion of the protein and crystallographically determined water atoms were prohibited, in order to preserve the original protein structure. The last configuration of the whole system after this equilibration process was then used as the start configuration for the subsequent production run of 2500 ps.
Molecular dynamics simulations
The molecular dynamics (MD) simulation was performed at constant pressure, constant particle number, and constant temperature (NPT ensemble). The simulations were done using SANDER in AMBER 7.0 (Pearlman et al., 1995) installed on the CRAY T3E at the Forschungszentrum Jülich. Berendsen thermostat and barostat (Berendsen et al., 1984) were used to keep the system at the specified temperature (300 K) and at constant pressure (1 bar). All atoms were coupled independently to the thermostat with the same coupling constant of 0.2 ps, and the center-of-mass motion was removed at each picosecond, which eliminates the artifact due to the velocity rescaling scheme (Harvey et al., 1998) . Anisotropic pressure scaling was used, which couples the instantaneous pressure to the reference pressure independently in each of the three directions. A coupling constant of t p ¼ 0.1 ps for the barostat was used. The average fluctuations of the box dimensions are found to be very small, in the order of 0.5 Å . The average dimension of the periodic cell was ;105 Å 3 117 Å 3 86 Å in x,y,z directions, respectively, for both G-and M-trimers. The average RMS distances between simulated and crystallographic structures, calculated for the backbone atoms of a-helices, were 0.85 Å for the G state and 1.02 Å for the M state. In particular, helix F in the M state had the largest deviation of 1.26 Å from the crystallographic structure among all the helixes. Although there is no visible tilt observed in helix F, its RMS deviation indicates that this helix is able to perform a large conformational change.
The SHAKE algorithm (Ryckaert et al., 1977) was used, which keeps the bonds of hydrogen atoms fixed. This allows the use of a larger time step of 2 fs. The Coulomb interaction was calculated using the particle-mesh Ewald method. The order of B-spline interpolation for particle-mesh Ewald algorithm was set to 4, which implies a cubic spline approximation. The direct sum tolerance was set to be 0.00001. The scale factors for 1-4 electrostatic interactions and for 1-4 van der Waals interactions were both set to 2.0 (Pearlman et al., 1995) . The atomic coordinates were saved every 0.1 ps and the atomic velocities were saved every 10 ps. After 1.5 ns of equilibration, the production run of 2.5 ns followed. Trajectories of the last 1 ns were used for water statistics data gathering. MD simulations were performed on a bR trimer and the results normalized to one monomer of bR.
Hydrogen-bonded networks
Here we explain some technical details of our calculations of hydrogenbonded chains between water molecules and amino-acid side chains. Since we are only interested in hydrogen-bonded pathways within bR, we have to define properly which water molecules, out of all water molecules in the system, are inside the protein. There have already been some studies on definitions of internal water molecules. Garcia and Hummer (2000) distinguished water molecules according to their coordination numbers. Bakowies and van Gunsteren (2002) used a triangulated surface with vertices defined by C a atom positions to define the interior of a protein.
Here we outline our own algorithm. To each water molecule one can assign its own Cartesian coordinate system with the origin placed to the center of the oxygen atom. In this coordinate system we can define eight neighboring cubic cells of linear size a ¼ 5 Å . Their centers are positioned at all eight possible locations out of the vectors f6 a/2, 6 a/2, 6 a/2g, e.g., the center of one of the eight cells is given by the vector fa/2, a/2, a/2g, another one by fÿa/2, a/2, a/2g, and so on. If all eight cells are occupied by at least one atom of an amino acid, then this water molecule under consideration is said to be inside the protein and termed as an internal water molecule (IWM). In this sense we can also define the surface of the protein, which separates internal from external water molecules.
Accordingly, a hydrogen-bonded chain exists when the protein surface or a residue inside the protein is connected via internal water molecules to a particular target atom of an internal amino acid. We can construct a particular hydrogen-bonded path from any internal amino-acid residue, which must consist of internal water molecules and terminates at another residue or at the first external water molecule encountered during construction of such a path toward the surface. Each walk is constructed to be self-avoiding. An example of such a network for the G state is shown in the Supplementary Material. A hydrogen bond is said to exist if the distance between H and O of two different water molecules is #2.2 Å and the angle of this hydrogen bond, HÁ Á ÁO, and the subsequent O-H bond of the second water molecule, i.e., HÁ Á ÁO-H, is .120°angle.
RESULTS AND DISCUSSION
Dynamics of water molecules
Following the definition of internal and external water molecules, as given in the previous section, the number of internal water molecules in bR was calculated. In addition, we distinguished between water molecules which are diffusive, i.e., they have entered during the simulations and eventually have left the protein before the end of the simulation, and trapped water molecules, which were inside the protein during the simulation time of 2.5 ns. In Fig. 1 , the number N ðdÞ w ðtÞ of diffusive and N ðtÞ w ðtÞ of trapped water molecules as a function of time t is shown. Since the number of trapped water molecules is constant, N ðtÞ w ðtÞ is just a straight horizontal line. Inasmuch as there are many water molecules entering the protein transiently, a precise definition for a set of diffusive water molecules is necessary. In particular, those water molecules crossing the mathematically defined protein surface and penetrating up to a few Å ngstroms before exiting again have to be excluded from this set. Therefore, we determined a residence time threshold t 0 of water molecules inside the protein and defined those water molecules as diffusive water molecules, which reside in the protein longer than t 0 . For this purpose we calculated from the trajectory the penetration depth of a water molecule into the protein within its residence time. The relation between the residence time t res and the penetration depth l is shown in Fig. 2 a. The penetration depth l is the distance from a water molecule to the protein surface in projection to the normal of the membrane. We have chosen a threshold residence time t 0 ¼ 10 ps, which corresponds according to Fig. 2 a to l ¼ 2 Å and defined diffusive water molecules as water molecules with t res . t 0 and surface water molecules as water molecules with t res , t 0 . The large scattering of the data in Fig. 2 a is mainly due to the definition of l, which is the projection of the distance on the membrane normal. An important practical implication from Fig. 2 a is that all those IWMs, which have a penetration depth of l , 2 Å (corresponding to residence times t res , 10 ps), should not be included in the comparison between the numbers of IWMs found by crystallographic methods and by simulation.
From Fig. 1 , averaging the data for the last 1-ns, one obtains for the G state nine trapped water molecules and an average of 19 diffusive water molecules, whereas in the M state one obtains 13 trapped and an average of 23 diffusive water molecules. For comparison, the crystal structure by Sass et al. (2000) contains 18 IWMs in the G and 22 IWMs in the M states. Edholm et al. (1995) performed MD simulation of bR-trimer in its ground state and obtained nine trapped water molecules. The simulation data of Baudry et al. (2001) provided only eight trapped water molecules in the G state. Kandt et al. (2004) reported ;11 trapped water molecules in the G state, two more than in our case. These two additional trapped molecules are located in the extracellular domain of the protein near residue Glu 194 . In our simulated structure this part of the protein is accessible for the bulk water and, as will be shown below, only diffusive water molecules reside here.
A significant decrease in the number of diffusive water molecules is seen during the first 1.5 ns, indicating the effect of the structural fluctuations of the protein. The initial configuration of the whole system at time t ¼ 0 contained a fully equilibrated ensemble of lipids and water molecules, albeit with a bR structure frozen at the crystallographic coordinates. Therefore, the decrease of N ðdÞ w ðtÞ to a much smaller value than initially observed indicates that a rigid porous protein structure may incorporate on average considerably more water molecules than a soft flexible structure.
The explanation for the large difference between the numbers of IWMs found by simulation and in the crystal structure consists in the high exchange rate of diffusive water molecules. Therefore, it is of interest to characterize the timedependent properties of the IWMs. We have estimated from FIGURE 2 (a) Log-log plot of penetration depth l versus residence times t res (crosses). The value l is measured with respect to the protein surface along the membrane normal. The broken line represents the classical diffusion law l;t the simulation data typical residence times and correlation times. This is shown in Fig. 2 , b and c. Consider a particular set of diffusive IWMs at a certain time t 0 . For this set we can define the exchange (or turnover) time t cor as the time after which the initial number, N ðeÞ w ðt 0 Þ, of diffusive IWMs of this set has decreased to a fraction N ðeÞ w ðt 0 Þ=e. The average decay of such a set is shown in Fig. 2 b, where N ðeÞ w ðtÞ is the average number of the remaining diffusive IWMs still in internal positions after time t. From  Fig. 2 b, where N ðeÞ w ðtÞ is presented in a log-log plot, two time regimes are observed. At larger times, t . 10 ps, the function follows an exponential law, N ðeÞ w ðtÞ ; expðÿt=t cor Þ; t . 10 ps;
where the correlation time is t cor % 340 ps for the G state and t cor % 460 ps for the M state, characterizing the time evolution of the exchange process of those diffusive IWMs that penetrate deeply into bR. Makarov et al. (2000) , having used MD simulations, calculated residence times for different hydration sites of myoglobin. Many sites, depending on their position, have residence time .100 ps. The longest time is 456 ps. Although myoglobin is a water-soluble protein, the residence time of some of their hydration sites are comparable with our results.
At shorter times, t , 10 ps, there are rapid exchange processes due to the surface water molecules, which do not perform a deeper penetration into bR. Hence N ðeÞ w ðtÞ decreases in this time regime more rapidly than at larger times, and obeys an approximate power law of 
where the coefficient a % 0.29 for both G and M states, which clearly shows that protein and water dynamics on the short timescale t ;10 ps are independent of the particular protein conformation. These times are in good agreement with experiments of Halle (1995a,b, 1996) and Denisov et al. (1999) . A second quantity that corroborates this view and that characterizes the dynamics of diffusive IWMs is the distribution of residence times in a given set of diffusive IWMs. The residence time, t res , is the time that one of the diffusive IWMs spends inside the protein. Defining n(t res ) as the probability distribution of IWMs with residence time t res found in a given set of diffusive IWMs, the average over many sets (taken from our simulation data) can be calculated, which is presented in Fig. 2 c. From this distribution n(t res ) we have estimated the average residence time of a diffusive water molecule as AEt res ae ¼ +t res nðt res Þ=+nðt res Þ;
which yields AEt res ae % 95 ps for the G state, and AEt res ae % 110 ps for the M state. Again, this result explains why it is very difficult to detect by crystallographic methods all water molecules inside bR.
Distribution of water molecules
Within the time range of 2.5 ns our simulations demonstrate that, with respect to the distribution of water molecules, bR is divided into extracellular and cytoplasmic parts separated by an impermeable structural boundary both for the G and the M states. This is demonstrated in Fig. 3 for one bR molecule of the G-trimer (Fig. 3, left) and the M-trimer (Fig. 3, right) , respectively, taken from crystallographic structures . The volume occupied by one bR molecule is represented by the gray surface. Superimposed on the gray surface as depicted by blue and yellow triangulated nets are the surfaces of the volumes accessible to diffusive and trapped water molecules, respectively. The red balls indicate the positions of water molecules as found by crystallographic studies . Water-accessible volumes in the late M state are larger both for trapped and diffusive water molecules. This is explained by the structural changes in this M state, which cause a total volume increase of internal cavities. Our diffusive water distribution differs significantly from the results presented by Baudry et al. (2001) . They reported that external water molecules penetrate into the protein up to residue Asp 96 in the cytoplasmic part and to residue Arg 82 in the extracellular part. On the contrary, in our G state simulation residues Asp 96 and Arg 82 are inaccessible for the diffusive (or external, in their notation) water molecules. Kandt et al. (2004) showed a similar water distribution pattern for the central part of bR.
The equilibrium distribution of internal water molecules (IWMs) in bR is shown in Fig. 4 for the G (a) and M (b) states, respectively. We have calculated the number density n w (z) with respect to the z axis (membrane normal), i.e., the average number of IWMs within a slab of thickness dz ¼ 1 Å . The origin z ¼ 0 is placed at the center of mass of the FIGURE 3 Accessible volumes for internal water molecules of the G state (left) and the M state of bR (right). The surfaces of the volumes for trapped and diffusive water molecules are represented by yellow and blue triangulated nets, respectively. The red balls represent the positions of internal water molecules as identified by crystallographic studies . protein, which is very close to the Schiff base nitrogen at z ¼ 12.5 Å . As indicated in Fig. 4 , we have discriminated between diffusive and trapped water molecules. The corresponding analysis of these sets in the G and M states yields 19 and 23 diffusive IWMs and 9 and 13 trapped IWMs, respectively.
The first remarkable feature of the distribution n w (z) is the gap in the distribution of diffusive water molecules. This suggests that migration of water does not occur between the extracellular and cytoplasmic parts of bR during our simulation and that this gap reflects a kind of water barrier in the protein. However, there might exist a tiny water population in this region, which is not distinguishable in the distribution n w (z). To confirm the existence of this water barrier in the protein we also analyzed all internal water trajectories and did not find any migration of water molecules between extracellular and cytoplasmic parts of bR. This observation is in agreement with the data provided by Baudry et al. (2001) and Kandt et al. (2004) , where no external water molecules move to the retinal binding site. The existence of this impenetrable structural interface between the cytoplasmic and extracellular parts of bR was already concluded from the crystallographic data, and is a necessary feature of bR prohibiting a leakage of water across the membrane.
Comparing positions of trapped water molecules with those determined from crystallographic studies (Fig. 3) , we found more differences in the M state than in the G state, which is related to the higher water mobility in the M state. To estimate water mobility we calculated for every trapped water molecule the radial probability distribution n r (d) as a function of distance d between the positions from crystallographic and simulation data. This is shown in Fig. 5 for the G state (the a plot) and the M state (the b and c plots). The peak of the distribution corresponds to a most probable deviation from the crystallographic position. Water molecules with distribution peaks at d , 1 Å may be considered as immobile. As can be seen, all nine trapped water molecules in the G state are immobile, whereas in the M state they are only 5 out of 13. MD simulation of the G state performed by Kandt et al. (2004) revealed a high mobility of water molecules 710, 712, 716 (in their notation 402BL, 406BL, 401BL, respectively) with fluctuations of .4 Å and a standard deviation of 0.6 6 0.4 Å . Our data of the G state show less fluctuations in the position of the trapped water molecules with the most probable deviations from the initial structure of ,0.7 Å . We also fitted radial probability distribution functions in Fig. 5 with Gaussians and obtained standard deviations in the G state for the water molecules 710, 712, and 716 of 0.30 6 0.10 Å , 0.42 6 0.12 Å , and 0.40 6 0.13 Å , respectively. These values are smaller than reported by Kandt et al. (2004) . In general, our trapped water molecules match better with the x-ray model. For instance, water molecule 720, which has left its initial position in the simulations by Kandt et al. (2004) , is, in our case, distant from the starting position by 0.3 6 0.05 Å with a standard deviation of 0.22 6 0.15 Å . The highest deviation from its crystallographically determined position has water molecule 710. This is apparently due to the highly polarizable Asp 85 -Asp 212 -SB interior, which cannot be sufficiently well described by a classical model (Hayashi and Ohmine, 2000) . In Supplementary Material we represent trapped water molecules inside bR in a different saturation of red color. The more the color is saturated, the more the water molecule is stable.
In Fig. 5 distributions with more than one peak correspond to water molecules, which have different positions in different monomers. In the case of the M state, several water molecules escaped from the cytoplasmic interior of the protein during the simulation. We observed three such events. Water molecule 740, about which x-ray density was doubtful , escaped from two monomers of the trimeric protein during the simulation, whereas this water molecule in the third monomer shifted its position significantly toward the retinylidene residue. We also observed one more escape (water molecule 722 in one out of three monomers) and one penetration of a bulk water molecule toward the cytoplasmic side of the protein (up to water molecules 720, 723, and 724). For the picture of the escape and penetration pathways one should look to the Supplementary Material.
Hydrogen-bonded network
During the photocycle, protons are vectorially transported from the cytoplasmic side to the extracellular environment. During this process a proton is released by the Schiff base and another is captured. This implies that hydrogen-bonded pathways must exist between the cytoplasmic surface and the Schiff base via the side-chain Asp 96 and between the Schiff base and the extracellular surface of the protein via several side chains (Asp 85 , Glu 204 , Glu 194 ) as shown by infrared spectroscopy (Gerwert et al., 1989; Heberle et al., 2000; Dioumaev et al., 1998) .
With regard to the previous section, which is concerned with the water population in bR, we now raise the question of the quantitative contribution of water molecules in generating hydrogen-bonded pathways between the surface and the core of bR.
To construct chains of hydrogen bonds (hydrogen-bonded pathways) we have used the Grotthuss relay model, or the structural-proton diffusion model, for a proton transport. Since there is a vast amount of literature on this subject, we simply cite a few of the more recent articles (Knapp et al., 1980; Tuckerman et al., 1995; Agmon, 1995; Pomes and Roux, 1998; Vuillemier and Borgis, 1998; Mei et al., 1998; Schmitt and Voth, 1999) . In their studies ordered chains of water molecules are considered, where one path consists of an alternating sequence of hydrogen bonds between water molecules, HÁ Á ÁO, separated by O-H bonds of water molecules. The protons are assumed to hop along such a path, which results in a reorientation of the participating water molecules. Many refinements of this model have been proposed. The most accurate approach is based on a density functional calculation (Marx et al., 1999) . Despite the simplicity of the Grotthuss model, its application, in particular to biological systems, has led to valuable insights of proton transport governed by the concerted actions of spontaneously forming hydrogen-bonded networks and the structural fluctuations of the embedding proteins (Sagnella et al., 1996; Brewer et al., 2001; Pomes and Roux, 2002) . In the present study, however, the Grotthuss-path model is used as a static geometrical construct rather than a dynamical one. A dynamical picture would include certain time-dependent correlations between proton and water displacements, which is out of the scope of the present work. Using the static picture, the present approach can be considered as a description of the capability of bR to form spontaneously Grotthusspathways, which are relevant for the proton transport. There might be different mechanisms for proton translocation inside the protein. Here we only consider the Grotthuss model with a continuous chain of water-water hydrogen bonds, which connects proton donor and acceptor sites of two different residues. We assume that a proton moves fast between the residues and can be stored only at specific sites of polar amino acids. Reorientation of the internal water molecules then might occur, which will make it possible for FIGURE 5 Radial probability distribution n r versus distance d between simulated and crystallographically defined positions of water molecules. In a, data for the G state is presented, with data for the M state split between b and c for clarity. For the numbering of water molecules, see Fig. 3 . the proton to move to the next residue. Such a Grotthuss mechanism with a continuous chain of water-water hydrogen bonds is essentially barrierless and the most favorable for fast proton transport (Pomes and Roux, 1998) . Hydrogen bonded pathways between different nearby residues inside the protein consist only of a few water molecules. Hence, we do not consider water molecule reorientations and a break of the hydrogen bonded network during a virtual proton move from one residue to another.
Based on the analysis of MD trajectories, we have calculated all possible Grotthuss-pathways inside the protein. Typical snapshots for the G and M states are depicted in Supplementary Material. From these trajectories we observed that several key residues are involved in the pathway. We have also calculated probabilities of forming different Grotthuss-pathways between polar residues and the surface of the protein for the G and M states. The probability map is presented in Fig. 6 (Brown et al., 1995; Balashov et al., 1997; Dioumaev et al., 1998) , we did not find a noticeable connection from this residue to Glu 204 and bulk.
Despite the fact that several pathways can be constructed, the possible existence of such pathways is not sufficient for an actual proton translocation to take place. The stabilization of a proton in a hydrogen-bonded complex AHÁ Á ÁB depends on the local environment of the complex. The electric field, induced by the nearby dipoles, can dramatically change the shape of the double-well potential in the complex and force the proton to move from one well into the other (Staib et al., 1994) . Since highly polarizable medium cannot be well described by the presented classical model (Hayashi and Ohmine, 2000) , the effect of the polarizability on the proton translocation in bR will be the subject of our future study.
SUMMARY AND CONCLUSIONS
Using molecular dynamics simulation we have studied the spatial distribution of water molecules and their corresponding hydrogen-bonded networks inside bacteriorhodopsin in its G and M state conformations.
We found a much higher number of internal water molecules (trapped 1 diffusive) in the simulations, 28 and 36 in G and M states, respectively, as compared to 18 and 22 from crystallographic data.
FIGURE 6 All possible Grotthusspathways in the protein are shown with arrows for the G state (left) and for the late M state (right). The numbers at the arrows denote probabilities of the corresponding connections.
We described the mobility of trapped water molecules and calculated the radial distribution function for each of them. The typical residence time of a diffusive water molecule inside the protein is 95 ps for the G state and 110 ps for the M state. We calculated the probabilities of forming Grotthuss hydrogen-bonded networks between different residues inside bR. This network is different in the G and M states. Using this information we suggest possible pathways for proton hopping and water penetration inside bR.
It is of interest to extend and compare the present study to other intermediates of bacteriorhodopsin, particularly later intermediates. This should provide new insights to the proton transport across the cytoplasmic and extracellular domains.
SUPPLEMENTARY MATERIAL
An online supplement to this article can be found by visiting BJ Online at http://www.biophysj.org.
